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Abstract
Petawatt class femtosecond lasers and x-ray free electron lasers (XFEL)
open up a new page in research fields related to space and vacuum physics.
One of fundamental principles can be explored by these new instruments is
the equivalence principle, saying that gravitation and acceleration should
be treated equivalently. If it is true this must lead to the appearance
of the Unruh effect analogous to Hawking’s black hole radiation. It says
that a detector moving with a constant acceleration w sees a boson’s ther-
mal bath with its temperature Tw = h¯w/2pikBc. Practical detection of
the Unruh effect requires extremely strong acceleration and fast probing
sources. Here we demonstrate that x-rays scattering from highly acceler-
ated electrons can be used for such detection. We present two, feasible
for the Unruh effect, designs for highly accelerated systems produced in
underdense plasma irradiated by high intensity lasers pulses. The first
is Thomson scattering of a XFEL pulse from plasma wave excited by an
intense laser pulse. Properly chosen observation angles enable us to dis-
tinguish the Unruh effect from the normal Doppler shift with a reasonable
photon number. The second is a system consisting of electron bunches ac-
celerated by a laser wake-field, as sources and as detectors, which move in
a constantly accelerating reference frame (Rindler space) and are probed
by x-ray free electron laser pulses. The numbers of photons is shown to
be enough to observe reproducible results.
Keywords: Plasma accelerator, Laser wake field acceleration, Thomson
scattering, Space-time distortion, Unruh effect
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1 Introduction
The existence of the Unruh radiation remains a fundamental question in
quantum electrodynamics[1]. Whether kinematic acceleration, in some sense,
is equivalent to the gravitational field with the consequences of this principle
and feasibility of Rindler space[2] have yet to be verified experimentally. Ac-
cording to Unruh[1] in a reference frame moving with a constant acceleration w,
a detector should experience surrounding vacuum as a bosons heat bath with
its temperature Tw = h¯w/2pikBc[1]. At the first sight the Unruh effect has no
practical meaning: to get a boson gas with the temperature, for example, of the
Relic radiation TR = 2.7 K[3] the acceleration must exceed w ≈ 1020g, where g
is the Earth’s gravitational acceleration. However, studying the highly acceler-
ated system in the reality may allow us to understand better hidden properties
of vacuum such as meaning of vacuum states, radiation transition times, and so
on. Exploring the Unruh hypotheses is one of the important ways to probe the
vacuum.
Since the Unruh theory has yet to be verified there are several standpoints
on it: positive[4] and negative[5]. The positive standpoints state that the Unruh
effect should exist because the temperature predicted by the theory coincides
with that from the Hawkings theory of radiation of black holes[6]. The neg-
ative standpoints say that the Rindler space is not congruent physically with
Minkowski space and the Unruh effect should not exist[5]. Indeed, a non-inertial
reference system should be carefully checked on its feasibility to physical pro-
cesses. For example a reference frame rotating with frequency Ω is not feasible
for distance R > c/Ω[7]. A reference frame moving with constant acceleration
w has also some paradoxes rising the question about its feasibility: (i) an elec-
tron moving with constant acceleration radiates while its radiation friction force
is zero, the energy conservation requires existence of beginning and an end of
the acceleration process[8], (ii) apparently there is no conservative system for
several particles in a reference frame moves with constant acceleration w; (iii)
it feels as if there is no fixed photon mode (k, ω) in this reference frame due to
Doppler upshift or downshift. Nevertheless the answers on the feasibility can
be found only experimentally.
Radiation in a highly accelerated system has another fundamental question
which appears recently in the quantum approach for the radiation damping force
during interaction of energetic electrons with high power laser pulses[9]. For ex-
ample, Compton scattering in strong laser fields runs mainly as nωL + e
− >
ωx−ray +e− where n is the number of a harmonic, ωL is the laser frequency and
ωx−ray is the frequency of a scattered photon. This scattering has been consid-
ered in the classical approach[9] and in the relativistic quantum approaches[10]
with one of results as n ≈ a0 if a0  1, where a0 is normalized vector poten-
tial. Unfortunately, so far the QED approach is not available for the problem:
the laser field is always considered as the classical field. Therefore, the time of
Compton scattering is not known. The duration of scattering cannot be found in
the frame of present approaches. This question is critical in numerical investiga-
tions of plasma interaction with high power laser pulses. Exploring of Compton
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scattering in a reference frame moving with constant acceleration could provide
us with the answer if the detector velocities in absorption time and emission
time were essentially different.
Here we propose original designs for systems consisting of highly accelerated
electrons which move in wake field of PW-class laser pulses and can be con-
sidered as objects in a constantly accelerating reference frame (Rindler space).
Femtosecond XFEL pulses are proposed to probe such accelerated systems at
extremely high acceleration w ≈ 2pic2a0/λ at a high temporal resolution.
Rindler space[2] is a natural reference frame to investigate a system moving
with constant acceleration w for example in x direction. Coordinates in this ref-
erence frame link to those in Minkowski space as ct = (c2/w + x′) sinh (wt′/c),
x = (c2/w+x′) cosh (wt′/c) with the interval ds2 = (1+wx′/c2)2d(ct′)2−(dx′2+
dy2 + dz2) = ρ2dη2 − (dρ2 + dy2 + dz2) [g00 = ρ−2, gii = −1,√−g = ρ]. Unruh
used a different form for the metric in [1]: ds2 = ρdη2 − (dρ2/ρ + dy2 + dz2),
g00 = 1/ρ, g11 = −ρ, √−g = 1. Klein-Gordon equation in a curved space has a
following form:
√−1/g ∂/∂xµ [gµν√−g ∂/∂xν ]ψ = (m2c2/h¯2)ψ. [For mass-
less particles, this equation does not contain the Plank constant.] For example,
in Rindler coordinates Klein-Gordon equation for a massless particle coincides
with an equation for potentials of electro-magnetic field and has a following
form: [∂2/∂η2 − ρ(∂/∂ρ)ρ(∂/∂ρ) − ∂2/∂y2 − ∂2/∂z2]ψ = 0. One can easily
check that a plane wave solution of Klein-Gordon equation in Minkowski space
ψ ∼ eiω(t−x/c) = eiρ[cosh (η)−sinh (η)] obeys Klein-Gordon equation in Rindler
space. However, in Rindler space there are other solutions of KG equation in
the form of Fulling modes: ψFR ∼ g(ρ)ei($η−kyy−kzz) where g(ρ) obeys follow-
ing equation[11] [
ρ
∂
∂ρ
ρ
∂
∂ρ
+$2 − ky2 − kz2 − m˜2
]
g = 0, (1)
These modes can be used for the second quantization in Rindler space similar
to that with the plane waves in Minkowski space. It is the reasonable assumption
that a detector moving with a constant acceleration should see vacuum as a set
of Fulling modes. This is the basis of the Unruh effect. The same results occur
while considering Maxwell’s equations and Dirac equations.
According to Unruh for an observer with constant acceleration, the vacuum
state is changed and the detector observes the boson distribution of Rindler
particles ρˆ = ρ0e
−2piKˆ ≡ ρ0e−Kˆw/kBTw in the vacuum. Where ρ0 =
∏
j [(1 −
e−2pi$j )], Kˆw = h¯wKˆ, $j is frequency of particle and Kˆ is the energy of mass-
less scalar particles. The temperature is called the Unruh temperature given
by Tw = h¯w/2pikBc. There are papers exploring the effect[12]. Unruh and
Wald have shown that the particle bathed in boson’s thermal bath is excited
absorbing Rindler particles and really emits photons[13]. This is called the
Unruh radiation. Letaw and Pfautsch considered the excitation of the parti-
cle moving circularly with constant velocity[14]. Chen and Tajima have shown
that the Unruh radiation from electron accelerated with extremely high gradi-
ent by the static wave produced by intense laser could be observed[15]. Chen
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and Mourou have recently proposed an interesting application for relativistic
plasma mirror stopped abruptly by impinging intense x-ray pulses[16]. Also,
B. J. B. Crowley et al. showed that the spectral broadening due to accel-
eration of X-ray Thomson scattering from electrons in plasma accelerated by
intense laser could detect the Unruh radiation[17]. According to Zel’dovich[18]
an electron moving with acceleration w crosses a photon bath with its energy
density W ∼ T 4 ∼ w4. This electron should scatter such photons with the
known Thomson cross section σ = 10α2/m2 [α is the fine-structure constant]
with total power I ∼ 10α2w4/m2 which may exceed the classical radiation of
the electron I ∼ 2αw2/3 when acceleration w exceeds √m2/15α. Besides, the
electron may annihilate with a positron from the electron-positron bath emit-
ting a characteristic radiation. Ginzburg and Frolov[8] have found an analogy
between the Unruh effect and the anomalous Doppler effect.
Besides, there are problems related to the Unruh radiation. First of all,
the Unruh effect of all particles except photons is purely quantum effect. How-
ever, there is no definition of acceleration w in quantum mechanics as discussed
by Narozhnii et al.[5] According to Narozhnii et al., there is no conformity
of Rindler space-time to Minkowski space-time[5, 11]. In a certain boundary
condition, the Unruh effect therefore cannot exist[5]. Nikishov and Ritus have
shown that the excitation of the elementary particle in a constant electric field
might be due to pair creation by electric field[19]. Another problem is the time
of formation of the thermal bath. If an electron appears in the electric field,
as acceleration field, instantly what it will see? According to Ginzburg and
Frolov[8] the electron will see the thermal bath only after a time far longer than
τ = c/w. What kind of process results in such thermalization has yet to be
explained. Moreover, for photons the Unruh effect contains no Plank constant.
According to ’conformity principle’ for radiation, saying that any quantum ra-
diation equals to classical one when h¯ → 0, there should be a classical analog
of such radiation. Mechanism of classical analog of Unruh radiation is difficult
to determine.
Nevertheless, there is a positive point that makes the study of the Unruh
radiation interesting. The Unruh radiation has a strong analogy with Hawking
radiation[6]. Whether the acceleration field is equivalent to the gravitational
field is not verified, but the Unruh radiation might give us the answer to that
is true or not.
An unique complex SACLA consisting of 10 keV/30 fs XFEL systems [20]
and coming ≈1 PW/25 fs Ti-Sph femtosecond laser with maximum intensity I =
1022 W/cm2 (a0 ≈ 100) , which exceeds the similar parameter of J-KAREN with
peak intensity of I = 1022 W/cm2 [21] which already exists, allows developing
a new, more adequate approach to explore the Unruh effect.
One of the problems in detecting the Unruh effect is the necessity of emitters
and detectors in the same Rindler reference frame. For this purpose, it is better
to explore the photon scattering rather than photon emission.
4
2 Thomson scattering from accelerated electrons
According to Unruh the emission probability of an electron in Rindler space
is given by following equation[1]:
Pj =
∑
p
∣∣∣∣∣
∫ T
0
d
( τ
T
)∫
V
√−gd3xψj∗ 〈p|A |0〉M ψ0
∣∣∣∣∣
2
, (2)
where ψ is an electron wave function in Rindler space, A is the field operator,
〈p| is the field wave function,  is a coupling constant, M means the vacuum
in Minkowski space. This equation results in Rindler radiation. In the case
of photon scattering one can extend the Unruh logic to a photon matrix ele-
ment: 〈0| a2Aµ(x)Aβ(x′)a1† |0〉M (see Ref.[22], a, a† are the known operators).
It is clear that the result of Fulling-Rindler mode may occur only as a broad-
ening of scattering massless photon similar to the Doppler broadening with the
temperature Tw = h¯w/2pikBc.
There was a proposal of using Thomson scattering as a detector for the
Unruh effect[17] exploiting acceleration of electron quiver motion in a laser pulse,
w = cωLa0 with zero v × B force. To make the story, 3 different laser pulses
were considered. 1st optical laser pulse should excite a gas-jet to make plasma.
2nd optical laser pulse makes acceleration for electrons in the plasma, and 3rd
an XFEL pulse coaxial with the 2nd pulse probes accelerated electrons. It
was stated that there is the possibility to detect the Unruh effect by obtained
spectral broadening.
Expected spectrum is given by[17]
S(k, ω) =
√
1
pi(1− cos θ)Ω2 exp
[
− 1
pi(1− cosθ)Ω2ω
2
]
, (3)
where Ω = ωivth/c, ωi is the photon energy of probing laser, θ is scatter-
ing angle, vth =
√
2kBTw/m is thermal velocity, kB is Boltzmann constant,
Tw = T+λmw
2/2kBq
2c2 is the temperature of electrons in thermal equilibrium,
which differs from the Unruh temperature, T is temperature of the plasma, m
is electron mass, c is speed of light, ω is the change of photon energy of prob-
ing laser after scattering, q is a change of wavenumber after scattering and λ
is metric parameter, which determines the properties of space time geometry
(metric) [17]. About 40 photons are expected in a shot of XFEL. However, in
this scheme, it is difficult to distinguish whether the expected spectrum broad-
ening occurs due to the Unruh effect or due to the extra Doppler effect. Because
of a finite length of probing pulses, electrons are further accelerated and evac-
uated by the ponederomotive force to vicinity of lower laser field as well as a
strong, complicated longitudinal field make this scheme difficult in realization.
We consider two schemes that can eliminate extra Doppler shifts and extract
the Unruh effect using plasma and intense laser.
5
3 Thomson scattering from a laser pulse wake
wave
Electrons in plasma wave exited by a laser pulse in underdense plasma are
good candidates for probing the Unruh effect via Thomson scattering. It is well
known that a laser pulse propagating in underdense plasma creates a trail of
plasma wave in its wake [23]. This wave has no group velocity that means plasma
electrons in the wave oscillate with plasma frequency, ωp =
√
4piZNpe2/m,
where Np is the plasma density, Z is the ion charge, and with a limited dis-
placement. Such plasma perturbation propagates with phase velocity vp =
c
√
1− 4piZNp/a0Ncr where Ncr is the critical density for laser pulse with fre-
quency ωL and a0 is its normalized intensity. In contrast to the electric field of
a laser pulse, maximal electric field in a wake, and corresponding acceleration,
is weaker by factor ωp/ω0 [24]: w = eEp/m = cωpa0 [cm/s
2]. Moreover, for
large a0 this field strength can be achieved only in the first bucket of plasma
wave trail due to the relativistic wave-breaking [25]. The maximal acceleration
in regular wave buckets therefore is even smaller and is determined by the wave
breaking limit field [24]: w = eEWB/m = cωp
√
2a0 [cm/s
2]. However, the num-
ber of electrons with identical velocity and moving at identical acceleration in
these waves is much larger than that in the case of quiver motion [17]. This
allows essential increasing of efficiency of Thomson scattering for detection of
the Unruh effect. The problem of ponderomotive acceleration also vanishes. In
the reference frame moving with the constant group velocity of wave this scheme
provide an electron layer with v = 0 undergoing constant acceleration w.
There are two parameters resulting in value of electron acceleration, the laser
field strength, a0, and the plasma density, Ne. However, one can consider three
different cases of plasma wave for the Unruh effect detection: (i) a regular wake
with minimal possible acceleration, w = eEWB/m, and a large number of iden-
tical accelerated structures; (ii) wave breaking limit with far higher acceleration
w = cωpa0, but with a single regular accelerated electron group existing for
a short time, (iii) relativistically transparent overdense plasma with immense
number of accelerated electrons and maximal acceleration.
Being based on this, we propose the concept for observation of the Unruh
effect by the electron layer of the plasma wave with k vector diagram [26] in
Fig.1. The layer is produced in the plasma and accelerated by wake field. Prob-
ing laser is incident from its back and scattered light is detected also backwardly.
We use plasma wave similar to flying mirror [25] exploiting incident light from
opposite direction to decrease intensity of laser light. Akhiezer and Polovin[27]
showed that electrons in plasma wave have acceleration w(v) depending on its
velocity. Upon choosing reasonable incident and detection angles, the Doppler
shift of electron motion is suppressed and only spectral broadening due to the
Unruh effect could be extracted. The Doppler shift would be occurred when we
observe the spectrum in the laboratory reference frame. That is shown as [25]
ε′ = ε0
1 + 2β cos θD + β
2
1− β2 , (4)
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where ε0 and ε
′ are the photon energy of light before and after scattering re-
spectively. β is denoted as β = v2/c2 where v and c are speed of electron layer
and light respectively. θD is the angle between velocity of electron layer and
incident light. And the reflection angle θR is related to the incident angle shown
in k vector diagram of Fig.1 as
sin θR =
ε0
ε′
sin θD =
(1− β2) sin θD
1 + 2β cos θD + β2
, (5)
We can find the angles that the scattering frequency should not be changed
due to the Doppler shift from the above equations. This gives θD = 174
◦ and
scattering angle θR = 5.4
◦. These angles we use for estimation of spectra of
scattered x-rays. When photon energy of probing laser is set to be 1 keV,
expected spectral broadening is expected to be ∆ω/ωi ≈ 1.4% at a0 ≈ 100,
Ne ≈ 1020 cm−3 for regular wake, ∆ω/ωi ≈ 3% at a0 ≈ 100, Ne ≈ 1020 cm−3
for first bucket. ωp raises up to ωL with increase of density.
To estimate efficiency of scattering we present the electron density in the
form[27]
Ne ≈ η(a0)Np, (6)
where η(a0) is the compression coefficient depending on the laser intensity. We
also define a parameter δ = wx−ray/wL as the uniformity parameter, which rep-
resents the flatness of the electron layer, where wx−ray and wL are the waists
of x-rays and driving laser pulse respectively. We solved the conventional trans-
port equation dNsc/dx = Ne(dσ/dΩ)Ninδ assuming x = L is too small, where
Nin is the number of incident photons. Finally one can get Nsc per 1 shot as
Nsc = Ne
dσ
dΩ
NinLδ, (7)
where dσ/dΩ = re
2(1 + cos2 θ)/2 is the Thomson scattering cross section with
re is the classical electron radius and θ is a scattering angles, and L is thickness
of the layer. We use electrons in the plasma wave with high density. The wave
moves with high speed as well as the x-rays. Therefore, the efficient length L′
becomes longer. For example in the case of incidence with zero angle the length
will be L′ = Lc/(c−v) where v is the phase velocity of the plasma wave. During
this propagation there will be scattering. If we assume that the wave does not
change much in this distance the number of photon drastically increases, at least
10-100 times. In the normal case the angle is not zero and efficient length is
shorter. However, the number of photon increases.
Results of calculations for spectra and total number of scattered photons and
its efficiency are presented in Fig.2 for the maximal and minimal accelerations.
The number of incident x-rays is Nin = 10
12, waists of x-rays wx−ray = 7.5 µ
m and laser pulse waist wL = 15 µm, and thickness L ≈ 1 µm. Efficiency is the
number of resolvable photons in the total number of photons, meaning that how
many photons can be detectable for the Unruh radiation. It is determined by
the integral of spectra from resolvable point (1 %, 5 % in the case) to infinity.
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This number of photons is enough to get reasonable results by 1 shot probing.
The case of relativistically under-dense plasma has been included in this calcu-
lation. The compression efficiency was calculated using 3D PIC FPLASER3D
code[29]. One can see that the efficiency of scattering is high enough for ver-
ifiable detection of the Unruh effect in both cases. The number of scattering
photons exceeds 103 even for a0 = 100 and the plasma density Np = 10
20 cm−3.
We show in Fig.3 that shows the results of 3D PIC simulation when intense
laser pulse with a0 = 100 and wavelength of 1 µm irradiated to underdense-
plasma (hydrogen gas in this case) with initial electron density of 1019 cm−3.
The critical density is approximately 1.7× 1021 cm−3. We see the electron den-
sity of the layer exceeds 1020 cm−3 because of the compression. Expectedly the
broadening of the scattered x-rays owing to the Unruh effect is larger for the
maximal acceleration. Nevertheless even for a0 = 100 and the plasma density
Np = 10
20 cm−3 it is about 1% that could be enough for detection depending
on the broadening of XFEL pulses.
We note that this scheme is free from recoil problem. For co-propagating
x-rays and laser pulse recoil effect is small h¯ω/2γmc2 ≈ 10−4 for γ = 10 and
1 keV x-ray. The use of the first bucket of wake field would provide us with
the maximal acceleration and give parameters of scattered x-rays good enough
for detection of the Unruh effect. However, due to relativistic wave breaking a
regular electron layer exists only though for a short time but quite detectable
even in the case of high density plasma[30]. This requires a tight synchronization
of laser pulse and XFEL pulse. Full optical XFEL system[31]can provide such
synchronization down to a few fs level.
4 Thomson scattering from electron bunches ac-
celerated by laser wake field
The use of Thomson scattering from a laser wake wave demonstrates its se-
rious prospect for detection for the Unruh effect. One contradiction, however,
is based on the fact that measurements should include not only source of ra-
diation but also detector in the same reference frame. Here, we propose such
a system consisting of a source and detector also with laser wake field accel-
eration (LWFA) and XFELs. Proposed experimental setup is shown in Fig.4.
Pumping optical laser irradiates a helium gas-jet to create laser wake field. Due
to multiple electron self-injection several beams, for example, electron beam 1
and electron beam 2 shown in Fig.4, are created in an accelerating field EP and
can be used as a source and a detector respectively. Probing XFEL (attosecond
harmonics with 1 eV spectrum width) is incident to an accelerated source from
its back. Scattered light from the detector is probed and the spectrum is to be
obtained.
Recently, electron acceleration technology has been developing. LWFA can
accelerate electrons with an acceleration gradient of≈ 100 GV/cm. A laser pulse
leaves its wake field blowing electrons away in plasma[29]. Acceleration field is
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generated by sparse and dense electrons. Some of blown electrons come back
to acceleration field by Coulomb force and built groups of electrons, which is
called bunch, are uniformly accelerated with the same high gradient acceleration
and velocity. Uniform acceleration means that all electrons are under the same
acceleration force in electric field with its gradient equaling to zero and in ideal
case lower gamma is better for such purpose because of relativistic effects with
higher gamma. What we need is large acceleration not energy. Thus, LWFA
is adequate to verify the Unruh effect. Fig.5 shows the typical result of 2D
PIC simulation for laser wake field acceleration. Due to multiple electron self-
injection[29] or an external injection, the number of bunches may be varied.
Accelerating electrical field is the wake field with its strength given by
w =
e
m
Ep = cωpa0 [cm/s
2
], (8)
Again, we consider Thomson scattering from bunches to observe the Un-
ruh effect. Figure.6 shows the experimental process with k vector diagram
[26]. When we consider Thomson scattering from 1 bunch, scattered spectrum
broadens due to velocity of bunches. To eliminate this effect, we take a pair of
2 bunches as source and detector and consider the 2 times Thomson scattering.
We use a forward bunch as a source and backward bunch as a detector. Elec-
tron beams 1 and 2 are accelerated by different acceleration w1 and w2 that
have almost the same value. We could put the source and detector in almost
the same accelerating frame. Probing laser is shot from the back side of the
source. The source scatters photons to the detector. We observe the spectrum
of scattered photons by the detector. Frequency of scattered light by source
becomes downshifted due to Doppler effect. And frequency of scattered light
by detector becomes upshifted due to Doppler effect. So, observed spectrum
of detector should be the same as initial probing pulse ordinary. However, if
the Unruh effect exists, accelerated bunches feel the Unruh temperature and
the spectrum of scattered light becomes broader. We could extract the Unruh
effect felt by each electron beams.
Scattering occurs twice by the source and the detector. The frequency of the
probing laser becomes shifted in the first scattering by the source. The detector
scatters the shifted laser light from the source returning its initial frequency.
So, the expected spectrum from the detector, observed in the laboratory frame,
should be obtained by convolution of S(k, ν)
S(k, ω) ≈
∫ ∞
−∞
S(k, ν)S(k, ω − ν)dν
=
√
1
piF (θ)
exp[−G(θ)ω2],
(9)
F (θ) = (1− cos θ2)Ω22 + (1− cos θ1)Ω12, (10)
9
G(θ) =
1
(1− cos θ1)Ω12
− 1
(1− cos θ1)2Ω14
[
1
(1− cos θ1)Ω12
+
1
(1− cos θ2)Ω22
],
(11)
Ω1 =
ωivth1
c
, Ω2 =
ωivth2
c
, (12)
where θ1 and θ2 is scattering angle of source and detector, vth1 =
√
2kBTw1/m
and vth2 =
√
2kBTw2/m, Tw1 = h¯w1/2pikBc and Tw2 = h¯w2/2pikBc are the
Unruh temperature of beam 1 and 2, respectively.
We have to set adequate scattering angles to eliminate the normal Doppler
effect of scattered light. That means the scattering angles that we observed
spectrum becomes monochromatic. Such scattering angles satisfy the equation
shown below.
cos(pi − θ2) = 1
β
[
1− 1− β
2
1− cos θ1
]
, (13)
where β = v2/c2 and v is the velocity of bunches. When v = 0.9c, a set of angles
satisfying the equation is θ1 = 165
◦, θ2 = 172.4◦. The angles are described in k
vector diagram in Fig.4
The spectral width of the expected spectrum is a critical parameter. Broad-
ening due to the Unruh effect must exceed both a bandwidth of XFEL pulses
and a thermal-like Doppler shift owing the energy spread of electrons in the
beams. Broadening of XFEL can be solved upon use of harmonics from laser
plasma[28] while the problem of low beam energy spread is far from solution.
The number of scattered photon per 1 shot from a single pair of source
and detector can be estimated only by use of results of 3D PIC simulation
shown in Fig.5. Density of photons from probing XFEL can be evaluated from
a simple equation as Nin = Ippi(wU/2)
2
τ/Eph , where Ip, wU , τ and Eph are
laser intensity, beam waist, pulse duration, and photon energy respectively. We
denote the number of scattered photons from the source as Nsc1, the number
of scattered photons by the detector as Nsc2, and the electron density of bunch
as Ne. Since the interaction length L is equal to the size of the bunch, Nsc1 is
given by Nsc1 = Ne(dσ/dΩ)1NinL. Then, Nsc2 becomes
Nsc2 = Ne
(
dσ
dΩ
)
2
Nsc1L
= Ne
2
(
dσ
dΩ
)
2
(
dσ
dΩ
)
1
L2Nin,
(14)
in ideal case where (dσ/dΩ)i = re
2(1 + cos2 θi)/2 is the Thomson scattering
cross section of each scattering, with re is the classical electron radius and θi is
a scattering angles. In this case the efficient length as discussed in the previous
section could be considered. Electron beams move with high speed as well
as the x-rays. The efficient length L′ becomes longer. As we showed, in the
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case of incidence with zero angle the length will be L′ = Lc/(c − v) where v
is the phase velocity of the electron beams. Upon setting Nin = 10
12 from
the equation, Ne = 10
20 cm−3 and L = 10 µm from the results of 3D PIC
simulation, one can get Nsc2 ≈ 5× 10−5 in 1 shot. This number means that we
can get 10−5 photons of the spectrum per 1 shot. Since several pairs of bunches
can be generated, the number of photons can be increased proportionally.
Let us estimate the number of pairs we can use when using SACLA’s XFEL
that has 10 keV and ≈ 80 µm beam size. Size of the bunch is ≈ 2 µm, 2 bunches
are used as a pair. A wavelength of light scattered by a source becomes ≈ 0.8
µm. So, a pair needs ≈ 4.8 µm. The beam size of XFEL is ≈ 80 µm. Therefore,
≈ 30 pairs of bunches can be used in 1 shot probing. When we have 30 pairs
of bunches, we could get Nsc2 ≈ 1.5× 10−3. We can obtain sufficient spectrum
by probing many times. For example, if we use the laser in 10 Hz repetition
rate mode, the expected number of photons is ≈ 5 per hour. It seems to be a
sufficient number of photons to resolve the scattered spectrum.
In this case, the charge of electron beams is smaller and of order nC-pC.
Because of low charge of the beams, this experiment would be sensitive to
scattering compared to using electrons in plasma wave proposed in previous
section. In previous section, the number of electrons in plasma wave is large
enough to obtain spectrum and charge is not so important. In using electron
beams case, electron charge is important. Small charge electron beams would
not scatter the enough number of photons to obtain spectrum while eq.(14) is
assumed that second scattering scatters all photons from first scattering.
To verify the existence of the Unruh radiation, scattered spectrum should
have certain width that relates to the acceleration. Fig.7 shows a0 dependency
of spectrum width. As seen from this graph, higher acceleration is necessary to
observe broader spectrum.
5 Conclusions
We have proposed designs for experimental observation effects by spectral
shift of Thomson scattering from two systems consisting of highly accelerated
electrons. First system is consisted of electrons in the plasma wave excited by
an intense laser. Reasonable photon number of Thomson scattering allows us to
obtain the spectrum. Choosing certain incident and detection angles enables us
to distinguish the Unruh effect from the normal Doppler shift. Second system is
consisted of source-detector moving with a constant acceleration. In this case,
the laser wake field with the multiple electron self-injection has been considered.
Probing the existence of the Unruh effect explores whether acceleration and
gravitation are equivalent. Although there are several problems in the existence
of the Unruh effect, it should be proved in the experiment. Two proposals
enable us to distinguish spectral shift of the Unruh effect from that of the
normal Doppler shift. Second proposed experiment has a source and a detector
in the reference frame with constant acceleration and is suitable for detecting
the effect occurring in the reference frame. The proposed experiment can prove
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whether the Unruh effect exists or not.
New proposals can be realized at SACLA [20] in near future. Lasers with
a0 ≈ 100 is coming to SACLA exceeding already achieved laser parameter of J-
KAREN [21]. For now, the maximum intensity of optical laser reached a0 ≈ 100
experimentally in the world and is developing to reach higher intensity. In the
case of plasma wave the firm detection of the Unruh effect can be performed
soon with a0 ≈ 100 − 200. Therefore, this proposal could be executed by a
combination of XFEL and LWFA with intense optical laser theoretically. The
technologies of LWFA and X-ray harmonics are under development but are not
yet practical.
The systems we proposed are considered to leave only practical problems,
such as attosecond harmonics, Laser Wake Field Acceleration, synchronization
between PW laser and XFEL and the facility consisting of all these technologies.
IMPACT project is running to construct the facility that makes it possible in
SACLA. Fundamental problems seem to be solved to verify the Unruh effect.
We can expect to execute the proposed experiment at SACLA facility with the
PW class laser system and the existing XFEL.
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Figure Captions
Fig. 1. Proposed experimental setup using accelerated electrons of plasma
wave with k vector diagram. ki and kr is wave vector of incident and scattered
light, respectively and q is change of wave vector. The layer is produced in the
plasma and accelerated by wake field. Probing laser is incident from its back
and scattered light is detected also backwardly.Upon choosing reasonable inci-
dent and detection angles, the Doppler shift of electron motion is suppressed
and only spectral broadening due to the Unruh effect could be extracted.
Fig. 2. Dependency of spectrum width and the total number of photons on
the laser pulse field for (a) scattering from the first bucket at maximal accel-
eration and (b) for the wave breaking limit. Solid lines show ∆ω/ωi for Ne =
(1)1022, (2)1021 (3)1020 cm−3. Dashed lines show the total number of photons
for Ne = (4)10
22, (5)1021 (6)1020 cm−3. The number of resolvable photons for
(c)the first bucket and (d)the wave breaking limit; the photon energy of probing
laser is ωi = 1 keV. Solid lines show the number of resolvable photons with 1
% resolution for Ne = (1)10
22, (2)1021 (3)1020 cm−3. Dashed lines show the
number of resolvable photons with 5 % resolution for Ne = (4)10
22, (5)1021
(6)1020 cm−3.
Fig. 3. Results of 3D PIC simulation when intense laser pulse with a0 = 100
and wavelength of 1 µm irradiated to underdense plasma (hydrogen gas in this
case) with electron density of Np = 10
20 cm−3. The critical density is approxi-
mately 1.7 × 1021 cm−3. We see the electron density of the layer exceeds 1020
cm−3 around x+ ct = 55 [µm] which is focal position of the laser pulse because
of the compression.
Fig. 4. Proposed experimental setup with a source and a detector. k vec-
tor diagram is shown. ki and ki is wave vector of incident and scattered light,
respectively and q is change of wave vector of first scattering and with prime is
of second scattering. EL is electric field of optical laser pulse. EP is accelerat-
ing field of wake field. Beams 1 and 2 are group of electrons used as a source
and a detector respectively. Pumping optical laser ( ≥ 1022 W/cm−2) is shot
in Helium gas-jet to create Laser Wake Field. Probing XFEL is incident to an
accelerated source from its back. Scattered light from the detector is probed
and the spectrum is to be obtained.
Fig. 5. 3D simulation for Laser Wake Field Acceleration. Electron density
from 3D PIC simulation for LWFA done for the conditions stated below. The
plasma channel has the maximum density of Nemax = 4 × 1018 cm−3 and the
minimal density of Nemax = 1.2×1018 cm−3. The laser intensity is I = 4×1019
W/cm−2, the focus diameter is D = 18 µm and laser pulse duration is 30 fs.
One can see multiple self-injection of bunches in the first bucket behind the laser
pulse. Some bunches appear in the bucket repeatedly.
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Fig. 6. Proposed experimental process. Forward bunch could be used as source
and backward bunch as a detector. Probing laser is irradiated from the back
side of the source. Source scatters photons to the detector. We observe the
spectrum from the detector. Electron bunches moving with the same accelera-
tion.
Fig. 7. Dependency of spectrum width and efficiency of number of photons
on the laser pulse field. The graph shows the dependency of spectrum width
and efficiency on the laser pulse field strength a0 . ωi is the photon energy of
probing laser set to be 1 keV. Solid line (1) shows ∆ω/ωi. Dashed lines show
the number of resolvable photons with (2)1 % (3)5 % resolution. The spectral
width means the strength of the the Unruh effect. To obtain broader spectral
shift, the larger a0 is required.
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